Abstract. Recent studies suggest that metformin, which is a commonly used oral anti-hyperglycemic agent of the biguanide family, may reduce cancer risk and improve prognosis, yet the detailed mechanisms by which metformin affects various types of cancers, including pancreatic cancer, remain unknown. The aim of the present study was to evaluate the effects of metformin on human pancreatic cancer cell proliferation in vitro and in vivo, and to study microRNAs (miRNAs) associated with the antitumor effect of metformin. We used the human pancreatic cancer cell lines Panc1, PK1 and PK9 to study the effects of metformin on human pancreatic cancer cells. Athymic nude mice bearing xenograft tumors were treated with or without metformin. Tumor growth was recorded after 5 weeks, and the expression of cell cycle-related proteins was determined. In addition, we used miRNA microarray tips to explore the differences in the levels of miRNAs in Panc1 cells and xenograft tumors treated with metformin or without. Metformin inhibited the proliferation of Panc1, PK1 and PK9 cells in vitro. This inhibition was accompanied by a strong decrease in G1 cyclins (particularly in cyclin D1) and retinoblastoma protein (Rb) phosphorylation. In addition, metformin reduced the phosphorylation of epidermal growth factor receptor (EGFR), particularly the phosphorylation of EGFR at Tyr845, and insulin-like growth factor 1 receptor (IGF-1R) in vitro and in vivo. miRNA expression was markedly altered by the treatment with metformin in vitro and in vivo. Our results revealed that metformin inhibits human pancreatic cancer cell proliferation and tumor growth, possibly by suppressing the cell cycle-related molecules via alteration of miRNAs.
Introduction
Pancreatic cancer is now the fifth leading cause of cancerrelated deaths, and the annual mortality is estimated to be more than 20,000 in Japan. The 5-year survival rate of pancreatic cancer is as low as 5.5%, and the poor prognosis is attributed to the difficulty of detecting the disease at an early stage, the high malignant potential and the propensity of the cancer to metastasize, and the high resistance level to antitumor agents.
Metformin is an oral biguanide drug introduced into clinical practice in the 1950s for the treatment of type 2 diabetes. According to a recent epidemiological survey, metformin has significant effects on tumorigenesis (1) . For instance, it is reported that patients with type 2 diabetes who are prescribed metformin have a lower risk of cancer compared to patients who do not take metformin (2) . In addition, numerous interventional clinical trials have tested the efficacy of metformin in various human cancers, including pancreatic cancer. Basic investigations have also been performed, and have shown that metformin may inhibit the proliferation of prostate (3), breast (4, 5) , colon (5, 6) and pancreatic cancer (7) cells. Metformin was also found to inhibit the tumor growth of prostate (3) and pancreatic cancer (8) in xenograft models. In a recent study, we reported that metformin inhibited the proliferation of gastric cancer cells in vitro and in vivo (9) . However, the detailed mechanism of the suppression of pancreatic cancer growth by metformin remains relatively unknown.
MicroRNAs (miRNAs) are small, non-coding RNA molecules of 17-27 nucleotides in length, and are involved in gene regulation at the post-transcriptional level. miRNAs play critical roles in diverse biological processes, such as development and differentiation, control of cellular proliferation, stress response and metabolism (10) . Recent studies have shown that miRNAs are aberrantly expressed in virtually all types of human cancer; that miRNAs may function as tumor suppressors or oncogenes; and that alteration in miRNA expression may play a critical role in tumorigenesis and cancer progression (11) . miRNAs seem to be very significant prognostic factors in patients with different tumors and thus could be useful biomarkers for treatment (12) .
In the present study, we showed that metformin has an effective anticancer effect on pancreatic cancer, and we examined the expression of cell cycle-related molecules in relation to the mechanism of the antitumor effect of metformin. In addition, we identified several miRNAs associated with the antitumor effects of metformin.
Materials and methods
Chemicals. Metformin (1,1-dimethylbiguanide) was purchased from Dainippon Sumitomo Pharma Inc. (Osaka, Japan). The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan), and all other chemicals were obtained from Sigma Chemical Co. (Tokyo, Japan).
Antibodies. The antibodies used were anti-β-actin monoclonal antibody (A5441, used at 1:3,000; Sigma-Aldrich Co., St. Louis, MO, uSA), cyclin D1 (RB-9041, used at 1:1,000; Thermo Fisher Scientific K.K., Waltham, MA, USA), cyclin E (used at 1:1,000; BD Biosciences, San Jose, CA, uSA), CDK6 (sc-177, used at 1:1,000), CDK4 (sc-749, used at 1:2,500), phosphorylated retinoblastoma protein (Rb) (sc-50, used at 1:1,000) (all from Santa Cruz Biotechnology, Santa Cruz, CA, uSA), and secondary horseradish peroxidase-linked anti-mouse and anti-rabbit IgG antibodies (used at 1:2,000; GE Healthcare, Ltd., Buckinghamshire, uK).
Cell lines and culture. The human pancreatic cancer cell lines PK1, PK9 and Panc1 were obtained from the Japanese Cancer Research Resources Bank (Tokyo, Japan). Cells were grown in RPMI-1640 medium (Gibco Invitrogen, Carlsbad, CA, uSA) supplemented with 10% fetal bovine serum (FBS) (533-69545; Wako, Japan), and penicillin-streptomycin (100 mg/l; Gibco Invitrogen) in a humidified atmosphere of 5% CO 2 at 37˚C.
Cell proliferation assay. Cell proliferation assays were performed with a CCK-8 kit according to the manufacturer's instructions. Cells of each cell line (1x10 4 ) were seeded into the well of a 96-well plate and were cultured in 100 µl of RPMI-1640 supplemented with 10% FBS. After 24 h, the seeded cells were treated by addition of metformin (5 or 10 mM) to the culture medium or left untreated (controls). At the indicated time points, the medium was exchanged for 110 µl of RPMI-1640 with CCK-8 reagent (10 µl CCK-8 and 100 µl RPMI-1640), and the cells were incubated for 2 h. Absorbance was measured for each well at a wavelength of 450 nm using an auto-microplate reader.
Cell and tissue lysates. The lysate assay was performed according to the methods described in our previous studies (9, 13) . All steps were carried out at 4˚C. Protein concentrations were measured using a dye-binding protein assay based on the Bradford method.
Gel electrophoresis and western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the method of Laemmli (14) , and the western blot analysis was performed as described by Towbin et al (15) using primary antibodies and HRP-conjugated secondary antibodies. Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (Amersham Life Sciences, Tokyo, Japan) on X-ray film.
Xenograft model analysis.
Animal experiments were performed according to the guidelines of the Committee on Experimental Animals of Kagawa university. We purchased 30 male athymic mice (BALB/c-nu/nu, 8 weeks old, 20-25 g) from Japan SLC (Hamamatsu, Japan). The animals were maintained under specific pathogen-free conditions using a laminar airflow rack and had continuous free access to sterilized food [γ-ray-irradiated food CL-2 (Clea, Tokyo, Japan)] and autoclaved water. Each mouse was inoculated with Panc1 cells (5x10 7 cells/animal) subcutaneously in the flank region. Two weeks later, the xenografts were identifiable as masses of >5 mm in maximal diameter in all recipients.
The animals were randomly assigned to three groups. Animals in the metformin-treated groups received intraperitoneal (i.p.) administration of 1 or 2 mg/body metformin/day, 5 times a week for 5 weeks. Animals of the control group were administered only phosphate-buffered saline (PBS) (n=10). After initiation of the administration of metformin, the tumor growth was monitored by the same investigator (K.K. and T.M.), and the tumorigenesis of the pancreatic cancer was monitored every day. The tumor size was measured weekly by measuring the two greatest perpendicular tumor dimensions. To examine the significance of the differences between growth curves in the present study, all the measurements of tumor volume for each growth curve from the start of the treatment to the end, typically ~30 observations, were analyzed by one-way analysis. The tumor volume was calculated as follows: Tumor volume (mm 
Antibody arrays of phospho-RTK. A RayBio™ Human Phospho
Array kit (catalog no. ARY 001) was purchased from RayBiotech Inc. (Norcross, GA, uSA). The assay for the phospho-RTK array was performed according to the manufacturer's instructions. This assay allows the screening of 42 different phosphorylated human RTKs. Capture and control antibodies were spotted in duplicate on nitrocellulose membranes. Lysates prepared from the cells and tumor tissues were diluted and incubated with the array's membranes. After allowing the material to bind with the extracellular domain of both phosphorylated and unphosphorylated RTKs, the unbound material was washed away. A pan anti-phospho-tyrosine antibody conjugated to horseradish peroxidase was then used to detect phosphorylated tyrosines on activated receptors by chemiluminescence. Finally, the density of the immunoreactive band obtained on the RTK arrays was analyzed by densitometric scanning with a Tlc scanner (Shimizu Co., Ltd., Kyoto, Japan).
EGFR phosphorylation antibody array. To assess whether the phosphorylation sites of epidermal growth factor receptor (EGFR) are regulated by the antitumor effect of metformin, the RayBio Human EGFR Phosphorylation Antibody Array (RayBiotech Inc.) was used according to the manufacturer's protocol. This method is a dot-blot-based assay which enables detection and comparison of 17 different specific phosphorylation sites in the human EGFR family. This array was used to add metformin-treated or untreated cell and tumor tissue lysates to the antibody array membranes. The antibody array membranes were washed and a cocktail of biotin-conjugated anti-EGFR was used to detect phosphorylated ErbB1-B4 and pan ErbB1-B4. After incubation with HRP-streptavidin, the signals were visualized by chemiluminescence.
Finally, the densities of the immunoreactive bands obtained on the RTK arrays were analyzed by densitometric scanning with a Tlc scanner.
Analysis of the miRNA microarray. The samples of tumor tissues and cancer cell lines were processed for total RNA extraction with an miRNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RNA samples typically showed A260/280 ratios between 1.9 and 2.1. The RNA integrity was further confirmed by use of an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, uSA).
After RNA measurement on an RNA 6000 Nano kit, the samples were labeled using a miRCuRY Hy3/Hy5 Power labeling kit and were hybridized on a human miRNA Oligo chip (v.14.0; Toray Industries Inc., Kanagawa, Japan). Scanning was performed with a 3D-Gene Scanner 3000 (Toray Industries Inc.). 3D-Gene extraction software, version 1.2 (Toray Industries Inc.) was used to read the raw intensity of the image. To determine the change in microRNA expression between metformin-treated and control samples, the raw data were analyzed via GeneSpringGX version 10.0 (Agilent Technologies). Samples were first normalized relative to 28sRNA and baseline corrected to the median of all samples.
Replicate data were consolidated into two groups based on metformin treatment and control, and were organized using the hierarchical clustering and analysis of variance (ANOVA) functions in the GeneSpring software. Hierarchical clustering was carried out by use of the clustering function (condition tree) and Euclidean correlation as a distance metric. Two-way ANOVA analysis and asymptotic P-value computation without any error correction on the samples was performed to search for miRNAs which varied most prominently across the different groups. The cut-off for the P-values was set to 0.05. Only changes >50% in at least one of the time points for each sample were considered significant. All the analyzed data were scaled by global normalization. The statistical significance of differentially expressed miRNA was analyzed by the Student's t-test.
Statistical analysis. All analyses were performed using the computer-assisted JMP8.0 (SAS Institute, Cary, NC, uSA). Paired analysis between two groups was performed using a t-test. A P-value of 0.05 was considered to indicate a significant difference between groups.
Results

Metformin inhibits the proliferation of human pancreatic cancer cells.
To evaluate the effect of the growth activity of metformin on human pancreatic cancer cells in vitro, we examined the effect of metformin on proliferation in three pancreatic cancer cell lines, namely, PK1, PK9 and Panc1. Cells were grown in 10% FBS and were treated with 5 or 10 mM metformin or left untreated (controls; see Materials and methods). To investigate the possibility of a direct relationship between the decrease in cell viability and the inhibition of cell proliferation, we followed the course of proliferation over 3 days after the addition of metformin. As shown in Fig. 1A , metformin (0, 5 and 10 mM) led to a decrease in cell proliferation in a dose-and time-dependent manner. These results showed that metformin inhibits the proliferation of pancreatic cancer cells.
To study whether metformin affects the cell cycle in Panc1 cells, western blot analysis was used to examine the expression of various cell cycle-related molecules in Panc1 cells with and without treatment of metformin. Cells were treated with 10 mM metformin or left untreated for 24-72 h. The most remarkable change was the loss of cyclin D1 and Cdk4 protein. Cyclin D1 is a key protein implicated in the transition of the G0/G1 phase. The cyclin D1 and Cdk4 levels declined slightly at 24 h after the addition of metformin and were no longer detectable after 48 and 72 h. Cdk6, the catalytic subunit of cyclin D1, as well as Cdk4, were decreased at 48 and 72 h in the metformin-treated cells compared with the untreated cells. As shown in Fig. 1B , we then studied the expression of other cell cycle-related proteins (pRb, Cdk 2 and cyclin E). The protein levels of Cdk2 and cyclin E in the cells treated with metformin for 24-72 h decreased slightly when compared with the corresponding levels in the cells not treated with metformin (Fig. 1B ). Although the Rb protein level did not change, the phosphorylated pRb levels decreased progressively in the metformin-treated cells.
Metformin inhibits tumor proliferation in vivo.
In order to determine whether or not metformin affects tumor growth in vivo, we injected nude mice subcutaneously (s.c.) with Panc1 cells. Metformin was injected daily intraperitoneally (i.p.) at 1 or 2 mg/day. On the basis of the integrated values of the tumor growth curves, i.p. administration of metformin led to substantial inhibition of tumor growth, by 43.9% (1 mg/day) and 30.5% (2 mg/day) ( Fig. 2A and B ; P=0.0089, one-way ANOVA). These growth rates were significantly above those of the control (P<0.03 for 1 mg/day and P<0.01 for 2 mg/day). In addition, treatment with 2 mg of metformin significantly inhibited tumor growth compared with the mice treated with 1 mg of metformin (P<0.07). In the present study, metformin exhibited no apparent changes in mice and did not affect their weight (data not shown). All animals were alive during the experiment.
In order to determine whether or not metformin also affects cell cycle-regulatory protein levels in vivo, we analyzed protein expression using western blot analysis in tumors obtained from the xenograft experiments. Metformin significantly reduced the levels of these proteins (phosphorylated Rb, cyclin D1, Cdk2, Cdk4, Cdk6 and cyclin E) in the treated tumors compared to the levels in controls (Fig. 2C) . In contrast, total Rb was the same irrespective of metformin treatment. These results suggest that, similar to the results of the in vitro observations (Fig. 1B) , metformin decreased tumor growth by reducing cell cycle-regulatory protein levels, resulting in G1 cell cycle arrest.
The activity level of tyrosine-activated receptor tyrosine kinases (RTKs) is associated with pancreatic carcinoma. We The densitometric densities of p-EGFR and p-IGF-1R in the cell lines and tumor tissue were visualized in black and white, respectively. The density of the p-EGFR and that of p-IGF-1R obtained from the membrane array were analyzed by means of an Image Station (Eastman Kodak, Rochester, NY, uSA). The densitometric ratios of the p-EGFR and p-IGF-1R spots for the metformin-treated cells to cells not treated with metformin were 28.1 and 26.3%, respectively (Fig. 3C) . In addition, the ratios of p-EGFR and p-IGFR for metformin-treated tumor tissues to non-treated metformin tumor tissues were 66.7 and 87.8%, respectively (Fig. 3C) .
Metformin inhibits the phosphorylation site of EGFR at tyrosine 845. Next, we used the RayBio Human EGFR Phosphorylation Antibody Arrays to assess which of the phosphorylation sites of EGFR are regulated by the antitumor effect of metformin (Fig. 4A) . using this array, we simultaneously detected the relative level of phosphorylation of 17 different specific sites for the human EGFR family in Panc1 cells and tumors with or without metformin treatment. Metformin significantly reduced the phosphorylation of the classical EGFR target residues, EGFR-Y845, as determined by the protein array in vitro and in vivo.
The densitometric densities of EGFR-Y845 in the cell lines and tumor tissues were visualized in black and white, respectively. The density of the EGFR-Y845 obtained from the membrane array was analyzed by means of an Image Station. The densitometric ratio of the EGFR-Y845 spots of the metformin-treated cells to the non-treated metformin cells was 24.1% (Fig. 4C) . In addition, the ratio of EGFR-Y845 in the metformin-treated tumorous tissues to that of the non-treated metformin tumor tissues was 58.0% (Fig. 4C ).
An miRNA expression signature discriminates metformintreated from untreated cells. using a custom microarray platform, we analyzed the expression levels of 1,212 human miRNA probes in the Panc1 cells in vitro and tumor tissues in vivo that were treated with metformin or left untreated. When the expression of miRNAs was studied in the Panc1 cells treated with 10 mM metformin or left untreated in vitro, 78 miRNAs were significantly upregulated in the Panc1 cells after 72 h of metformin treatment, while 51 miRNAs were downregulated. In the tumor xenograft model, in the metformin group, there were 62 upregulated and 124 downregulated miRNAs among the total 1,212 miRNAs [Gene Expression Omnibus (GEO) accession no. GSE37406]. As shown in Tables I and II, we unsupervised hierarchical clustering analysis using Pearson's correlation showed that the metformin-treated cell lines in vitro and tumor tissues in vivo clustered together and separately from the untreated cell lines (Fig. 5A) and tissues (Fig. 5B) . These subsets of 129 miRNAs in the cells and 186 miRNAs in the tissues were found to exhibit significant alterations in expression levels between the metformin-treated and control groups.
Discussion
Pancreatic cancer is one of the most life-threatening cancers; in 2009, for example, this cancer accounted for 35,240 deaths in the uS, or 6% of all cancer deaths in that country (16) . In spite of the recent progress in surgical procedures, the operative resectability rate of pancreatic cancer remains unsatisfactory at 9-20% (17, 18) . Apart from potentially curative surgery, chemotherapy may be applied at advance stages in pancreatic cancer, but is not curative in such cases, and generally has a poor prognosis. Accordingly, there is a strong demand for new curative approaches to pancreatic cancer therapy (19) .
Metformin is the drug most commonly used to treat type 2 diabetes, particularly among overweight or obese patients. Metformin lowers circulating glucose levels by reducing hepatic glucose production and increasing the muscle intake of glucose, thereby decreasing circulating levels of insulin (20) . Recent data suggest that metformin could protect against cancer and inhibit the proliferation in various cancer cell lines, such as breast, glial and prostate cancer. In addition, we recently reported that metformin inhibits gastric cancer proliferation in vitro and in vivo (9) . In addition, another recent study indicated that the use of metformin for diabetes was associated with a decreased risk of pancreatic cancer in women (21) . Therefore, various clinical trials on the use of metformin for pancreatic cancer have been conducted worldwide. However, the detailed mechanisms underlying the antitumor effect of metformin on pancreatic cancer remain unknown. In the present study we showed that metformin not only is a very potent inhibitor of human pancreatic cancer cell growth, but also inhibits tumorigenesis in a xenograft model when it is administrated i.p.
The present study was the first to examine the effects of metformin on the proliferation of pancreatic cancer cells. In vitro, a cell proliferation assay indicated that metformin achieved a remarkable decrease in cell viability. Furthermore, in nude mice in vivo the tumor growth of pancreatic cancer was significantly decreased by metformin treatment as compared with that in a control group. These data suggest that metformin may indeed play an inhibitory role in the proliferation of pancreatic cells and tumor growth in vitro and in vivo.
To determine the molecular basis for the inhibitory effects of metformin on the proliferation of pancreatic cancer cells, we analyzed the effect of metformin on the expression of the cell proliferation-regulating proteins cyclin D1, Cdk4, Cdk6, Cdk2, cyclin E and phosphorylated pRb. Specific cyclin/cyclin-dependent kinase (Cdk) complexes are activated at different intervals during the cell cycle. Complexes of Cdk4 and Cdk6 with cyclin D1 are required for G1 phase progression, whereas complexes of Cdk2 with cyclin E are required for G1/S transition. In previous studies, downregulation of cyclin D1 in response to metformin has been demonstrated in various cancer cell lines, such as colon, breast, prostate and gastric cancer (9) . In the present study, the major cell cycle regulators (cyclin D1, Cdk4, Cdk6, cyclin E, Cdk2, phosphorylated pRb) could be intracellular targets of the metformin-mediated antproliferative effect in human pancreatic cancers in vitro and in vivo. These data suggest that the antitumor effect of metformin may be related to the reduction of various cell cycle-related proteins, particularly cyclin D1. Previous studies have shown the enhanced expression of various cell cycle-related molecules (cyclin D1, Cdk4, Cdk6, cyclin E and Cdk2) in various types of cancers, including pancreatic cancer. Therefore, inhibition of these cell cycle-related molecules, including cyclin D1, may be an important molecular target for controlling tumor proliferation. Our in vitro study was performed using a higher dose of metformin than the human therapeutic concentration (6-30 µM) . The use of such a high doses has been the subject of criticism of similar studies in other cancer cell types, such as breast, prostate and colon cancer cell lines. However, it is important to consider that cells in culture are grown under hyperglycemic conditions. Tissue culture medium alone contains high concentrations of glucose, and 5-10% fetal bovine serum is typically added, resulting in excessive growth stimulation. This may explain why, in order to observe the antitumor effects of metformin in cell culture systems, it is necessary to use higher doses than are used in diabetic patients.
Metformin leads to changes in the phosphorylation of various proteins. In breast cancer cells, Liu et al reported that metformin reduced p-EGFR, p-MAPK and p-Src (22) . We also detected a reduction in p-EGFR and p-IGF-1R in pancreatic cancers with metformin treatment using protein arrays, particularly in vitro. In the tumor tissue, the decrease in expression in p-EGFR and p-IGF-1R with metformin treatment was mild. The difference in the amount of this reduction reflects the differences between the in vitro and in vivo models. These data suggest that the expression levels of p-EGFR and p-IGF-1R in pancreatic cancer cells are reduced by metformin treatment. The EGFR pathway is important in controlling cell cycle events. The role of EGFR in the cell cycle progression of several human cancers has been studied. Cyclin D1 overexpression in the tumor cells of pancreatic carcinoma tissue is at least partly dependent on the mitogenic effects of EGF signaling through the EGFR (23) . Moreover, c-Src is involved in the phosphorylation of EGFR at Tyr845, the expression of which was decreased by the addition of metformin in our studies (24) . Similar to EGFR, IGF-1R has been shown to regulate both the expression and activity of many proteins involved in cell cycle progression (25) . Decreased expression of IGF-1R induced an antiproliferative effect on human pancreatic cancer cells (26, 27) . Therefore, metformin blocks the cell cycle in G0/G1 in vitro and in vivo through the reduction of EGFR and IGF-1R activity.
To identify miRNAs associated with the antitumor effect of metformin, we used miRNA expression arrays to detect variations in miRNA profiles in pancreatic cancer cell lines both in culture and in xenograft tumor tissues treated with metformin compared to those not treated with metformin. The cluster analyses we performed clearly demonstrated that metformin treatment affects the extent of miRNA expression in cultured cells and in tumor tissues. In the analyses, we selected sets of miRNAs whose expression levels were altered significantly after metformin treatment. We identified 129 miRNAs differentially expressed (78 upregulated and 51 downregulated) in culture (Table I ) and 186 miRNAs differentially expressed (62 upregulated and 124 downregulated) in xenograft tumor tissues (Table II) . These miRNAs are meaningful candidates to gauge the effectiveness of metformin treatment and to provide clues to the molecular basis of the anticancer effects of metformin, particularly when mediated with miRNAs.
The expression of hsa-miR-150 was particularly upregulated in metformin-treated tumor tissues, being 3.56 times higher than that in the untreated tumor tissues. Although the expression of hsa-miR-150 is upregulated in gastric and colorectal cancer (28, 29) , it acts as a tumor-suppressor in malignant melanoma (30) . These studies indicate the cell type-specific and context-dependent functions of hsa-miR-150. In pancreatic cancer, hsa-miR-150 overexpression was found to inhibit growth, clonogenicity, migration and invasion, and enhance intercellular adhesion by downregulation of MuC4 (31) . Moreover, c-Myb, P2X7 and EGR2 are among the important targets of hsa-miR-150 that have been experimentally validated, since all three factors mediate the tumor-promoting functions of hsa-miR-150 (28, 32, 33) . zhang et al demonstrated that the overexpression of hsa-miR-150 in CD133 + hepatocellular carcinoma cells induced cell cycle arrest and apoptosis by decreasing c-Myb, cyclin D1 and Bcl-2 (34). Thus, our results suggest that the metformin-induced inhibition of human pancreatic cancer cell proliferation was mediated in part by the tumor-suppression activities caused by upregulation of hsa-miR-150.
In the present study, we found that the expression of hsa-miR-7 extracted from cultured cells was decreased to 0.49-fold in metformin-treated cells. hsa-miR-7 acts as an important modulator of EGFR-mediated oncogenesis, with potential applications as a novel prognostic biomarker and therapeutic target in multiple human cancer cell types (35) (36) (37) . In the present study, one reason for the inhibition of EGFR in metformin-treated cells may be mediated by the downregulation of hsa-miR-7.
We also found that members of the let-7 family were upregulated in both cultured cells and tumor tissues treated with metformin (2 genes in cultured cells and 3 genes in tumor tissue). The human let-7 family, which contains 13 members, is widely recognized as a class of miRNAs producing a tumorsuppressing effect (38) . The members of the let-7 family act as tumor suppressors by binding to target oncogenes, including Ras (39), HMGA2 (40), c-Myc (41) and various cell cycle regulators. In a recent study, we reported that members of the let-7 family are upregulated in metformin-treated gastric cancer cells and tumor tissues (9) . Among the let-7 family members upregulated in the metformin-treated tumor tissue in the present study, let-7g, which was 1.3 times higher than that in the untreated tissues, targets cell cycle control genes such as cyclin D1, E2F1, Ras and c-myc and restrains the growth of hepatoma cells (42) . In addition, let-7b, the level of which was 1.2 times higher than that in untreated tissue, is overexpressed in melanoma cells in vitro, was found to lead to downregulation of the expression of cyclins D1, D3 and A, as well as to the downregulation of cyclin-dependent kinase (Cdk) 4 (43, 44) . Thus, our data suggest that let-7 family members may be candidates for new therapeutic targets in pancreatic cancer.
In the present study, we found only 27 matched miRNAs extracted from cultured cells and tumor tissues after treatment with metformin. Although many miRNAs were significantly altered after metformin treatment, we found several differences in the profiles of miRNA expression between the cultured cells and tumor tissues. This discrepancy could reflect the differences between in vitro and in vivo models. In short, metformin is directly exposed to in vitro cultured cells, while intraperitoneally administered metformin is metabolized in vivo. Additionally, tumor cells in mice are affected by the host immune response. Furthermore, there were differences in exposure times and metformin concentrations between the in vitro and in vivo models. Therefore, differences in exposure times and concentrations of metformin may have resulted in the differential expression profiles of miRNAs.
In conclusion, our results revealed that metformin inhibits human pancreatic cancer cell proliferation and tumor growth, possibly by suppressing cell cycle-related molecules via alteration of miRNAs. Metformin is a drug widely used for the treatment of type 2 diabetes with limited side-effects. Therefore, metformin may become a novel and effective therapy for the treatment and long-term management of pancreatic cancer, providing additional benefits at low cost.
